Introduction {#Sec1}
============

The study of variability is essential to understand coordination. Muscle force fluctuations could depend on the presence or not of visual feedback (Christou [@CR5]), the task specificity (Christou and Carlton [@CR6]), the muscle group performing the task, the type and the intensity of the muscle contraction, and the physical activity status of the individual (Enoka et al. [@CR9]). The relationship between the level of force and force variability remains controversial. Newell and Carlton ([@CR23]) reported that variability of force increases as level of force increases, while other data showed that variability increases linearly as the level of force increases up to 65% of maximum voluntary contraction (MVC), but then it decreases at force levels greater than 65% of MVC (Sherwood and Smith [@CR26]). In addition, it has been reported that at lower levels of force, variability of force increases at an increasing rate because of synchronization of the motor units (Yao et al. [@CR34]). It has also been proposed that variability of force during isometric actions is described best by a sigmoidal, symmetric logistic function of the force signal (Christou et al. [@CR8]).

In sports, well-established stereotyped trajectories are related to a greater accuracy of the movement and are often considered as the basis of steadiness in athletic performance. Trajectories with low levels of noise are preferentially chosen to maximize endpoint accuracy and to minimize endpoint variability during goal-directed movements (Hamilton and Wolpert [@CR12]; Harris and Wolpert [@CR14]). In this line, the application of steady isometric force from the wrist flexors to the tennis racket or to the ball in team sports such as the handball and the basketball might be extremely crucial for the final performance.

Neural mechanisms that underlie the fluctuation around an average value during isometric actions, involve motor unit properties and non-uniform activation of different muscles (Enoka et al. [@CR9]). However, the physiological mechanism behind the potential differences in force fluctuation between elite and novice athletes is not well characterized. Strong young adults showed a greater force variability of knee extensors, than normal-strength participants beyond 50% of MVC, suggesting that strong participants display greater motor unit discharge rates (Christou et al. [@CR8]). Moreover, it has been shown that even though strongest subjects could produce twice the peak force of the weakest subjects, there were no significant differences in peak force variability between the two groups (Carlton et al. [@CR3]). Besides, the implementation of a simple finger task was accompanied by a reduction in the discharge rate variability of motor units, a decrease in the fluctuations of motor output of a hand muscle, and an improvement in manual dexterity (Kornatz et al. [@CR18]).

The effects of long participation in elite sports on motor performance variability are not well understood. Training-induced strength improvement is accompanied by an enhancement of motor-unit synchronization in the agonist muscles (Milner-Brown et al. [@CR21]), as well as a reduction of the coactivation of the antagonists (Pousson et al. [@CR24]). At the same time, however, training-induced technique improvement seems to be associated with an "independency" in the motor unit firing rate, lower motor unit synchronization, and substantially lower common drive (Semmler and Nordstrom [@CR25]). Therefore, it could be interesting to study the physiological mechanism responsible for potential differences in force variability at the same force level between adults with different levels of expertise.

To our knowledge, very little information is available on potential differences in force variability between highly skilled and sedentary individuals. In addition, force fluctuations at different muscle lengths have not been previously investigated. The aim of this study was to examine whether the ability to sustain a constant application of submaximal strength is dependent on the level of expertise in young adults. The isometric force steadiness was studied over a wide range of angles, taking the force--length relationship of the particular muscles into consideration.

Methods {#Sec2}
=======

Participants {#Sec3}
------------

Twenty males were assigned, into one of two groups, the highly skilled group (HS, *n* = 10, age: 22.0 ± 0.8 years, height: 179.9 ± 4.4 cm, mass: 79.1 ± 7.4 kg) and the sedentary group (S, *n* = 10, age: 21.2 ± 1.5 years, height: 181.7 ± 4.8 cm, mass: 80.6 ± 6.2 kg). The main selection criteria were training experience and level of performance in a sport where forearm movement and muscle function are very important elements of performance. For this reason, tennis and handball players were preferred to form the HS group. Particularly, participants were included in the HS group when (a) they had a minimum 6 years training experience and a training frequency of more than five times a week; (b) they were active professional athletes in their sport. Based on these criteria, six participants were professional tennis players (official national ranking until No. 10) and the other four were professional handball players (first and second division National League). The participants of the S group were physical education students, active but without any participation to a particular strength and training program over the last 12 months. None of the participants had previous experience with this specific isometric task in order to avoid any learning effect. All participants were right-handed and free from any neurological or musculoskeletal impairment or disease. The experimental procedure was explained and prior to their inclusion in the study, the participants signed an informed consent form. Approval for the experiment was obtained from the institutional ethics committee on human research in accordance with the declaration of Helsinki.

Strength measurements {#Sec4}
---------------------

After a standardized warm-up, maximal and submaximal isometric data during wrist flexion at five different angular positions (230, 210, 180: anatomical zero, 150 and 130°) were collected using a Kin Com^®^ (Chattannooga, USA) isokinetic dynamometer. Participants were familiarized with the apparatus over a period of 1 week (three sessions of 40 min) and they were also advised to refrain from any kind of physical activity for 48 h prior to testing. All tests were conducted over the same day period (15:30--18:00) to avoid any chronobiological effect. The rotation axis of the lever arm and wrist joint were adjusted and positioned according to the Kin Com System Manual. The right upper arm was restrained by two velcro straps and the forearm was strapped on a special manipulandum, which allowed to secure the elbow joint at 120°. The wrist joint remained free, the hand was positioned in vertical position and the fingers clasped the lever arm. Participants performed three isometric maximum voluntary contractions (MVC, duration 5 s), in each angular position, randomly presented, and the average mean was used for the calculation of force levels. Following MVC assessment, the participants performed submaximal actions at 5, 10, 20, 50, and 75% of MVC. Particularly, the participants were asked to develop and maintain, as stable as possible, the respective force level for 5 s. Two efforts were performed at each level of MVC. Visual feedback of the exerted force during the isometric task was provided on-line both arithmetically and as a large bar histogram on the computer screen which was placed in front of the subject at eye level. First, the participants were informed about the type of visual feedback they were about to receive. They were then asked to watch the computer screen during contraction. The predetermined (target) level of force (for example 20% MVC) was marked on the screen by the experimenter and it was visible for both the examiner and the participant. Consequently, upon initiation of the contraction, the participants could watch their recorded force which was displayed as a continuous rising bar histogram on the computer screen. When the target force level was reached, the subject was instructed to maintain the level of effort at this level for a period until the 5 s duration is completed. A 2--3 min rest was allowed between trials and the best effort was analyzed.

Electromyography (EMG) {#Sec5}
----------------------

A TEL100D (Biopac Systems, Inc., Goleta, CA) system including shielded electrode lead assemblies (Model SS2, Biopac Systems, Inc., Goleta, CA, bipolar silver/silver chloride electrodes, center-to-center interelectrode distance = 2 cm) interfaced to a portable amplifier/transmitter (Model TEL100M, Biopac Systems, Inc., Goleta, CA, CMRR \> 110 db at 50/60 Hz, bandwidth = 10--500 Hz) was used to record the EMG activity of Flexor Carpi Ulnaris (FCU) m. and Extensor Digitorum (ED) muscles. Electrodes were attached over the palpable bellies of the FCU (at ¼ of the line between the medial epicondyle of the humerus and the pisiform bone) and ED muscles (at ¼ of the line between the lateral epicondyle of the humerus and the midpoint of the line connecting the styloid process of the ulna and the radius) (Zipp [@CR35]). Both Kin Com and EMG systems were interfaced to a Biopac MP100 Data Acquisition unit (Biopac Systems, Inc., Goleta, CA) sampling at 1024 Hz. Following data collection, the EMG signals were full-wave rectified. Low impedance (*Z* \< 500Ω) at the skin--electrode interface was obtained by shaving, abrading the skin, and cleaning it with alcohol. Special caution was given to the standardization of the experimental procedure (electrode position), to reduce the susceptibility of EMG to cross-talk (Kellis [@CR17]). Signals were band-pass filtered (cut off: 10--330 Hz) and digitally sampled at a frequency of 1000 Hz (full-wave rectification, fourth-order, zero-lag Butterworth, cut off: 100 Hz). Power line hum at 50 Hz was also removed using a notch filter (50 db rejection at 50 Hz). Integrated EMG activity over the 3 s of each isometric submaximal wrist flexion was expressed as a normalized value of the EMG during MVC.

Data analysis {#Sec6}
-------------

The first and the last second were excluded from the analysis to avoid the transient phases in force development. For the remaining time interval from 1 to 4 s, force fluctuations were quantified by calculating the SD of force and the coefficient of variability (CV = (SD/mean) × 100). All EMG data collected were analyzed off-line using the Acq*Knowledge*^*®*^ (3.7.3, Biopac Systems, Inc., Goleta, CA) software. The integral of EMG activity over the 3 s of submaximal isometric action was expressed as a normalized value of the EMG activity observed during MVC. Maximal wrist extension was also performed at each specific angle and the recorded ED m (agonist) EMG was used to normalize the EMG of the same muscle when acting as antagonist.

Statistical analysis {#Sec7}
--------------------

All data are presented as means ± SD. The SPSS 16.0 statistical package was used to analyze all data. A mixed 2 (group) × 5 (level) × 5 (angular position) analysis of variance (ANOVA) with repeated measures on force level and angular position was performed. All significant main effects were followed by Tukey post hoc tests. The level of significance was set at *P* \< 0.05.

Results {#Sec8}
=======

Maximal isometric force--angular position relationship {#Sec9}
------------------------------------------------------

The MVC force of the HS group ranged from 26.19 ± 6.48 to 35.49 ± 14.18 Nm and in the S group from 24.85 ± 5.93 to 29.36 ± 6.45 Nm. There were no significant (*P* \> 0.05) differences in MVC force between highly skilled and sedentary individuals in all angular positions of wrist joint. Table [1](#Tab1){ref-type="table"} presents the moment-angular position relationship for highly skilled and sedentary individuals.Table 1Maximal isometric moments (Nm, mean values ± SD) at five angular positions of the wrist in sedentary and highly skilled individualsSedentary (*n* = 10)Highly skilled (*n* = 10)230°29.36 ± 6.4535.49 ± 14.18210°26.11 ± 5.6730.53 ± 12.38180°24.85 ± 5.9326.19 ± 6.48150°26.04 ± 3.5827.68 ± 4.64130°26.74 ± 4.4229.51 ± 4.71Moment was similar between highly skilled and sedentary individuals across all angle levels (none-significant main effect of group). Furthermore, the pattern of change in moment across the levels of angle was similar between the two groups (none-significant group × angle interaction)

Force variability {#Sec10}
-----------------

ANOVA revealed a significant main effect of group (*F*~1,18~ = 167.08; *P* \< 0.001) on CV of force. Sedentary subjects demonstrated greater force fluctuation compared to highly skilled subjects irrespective of angle and intensity (*P* \< 0.001), as suggested by no significant interactions of group by angle or/and intensity. Figure [1](#Fig1){ref-type="fig"} presents row data from a highly skilled and a sedentary participant performing the submaximal isometric task. In general, the CV of force was higher at lower intensities (5 and 10%) compared to higher intensities (50 and 75%) (*P* \< 0.05). Figure [2](#Fig2){ref-type="fig"} provides the coefficient of variation of force in highly skilled and sedentary participants within each angle (230, 210, 180, 150, and 130°) across 5 intensities (5, 10, 20, 50, and 75% of MVC).Fig. 1Representative submaximal isometric constant-force recordings (*above*) and EMG activation (*below*) of the agonist (Flexor Carpi Ulnaris, FCU) and antagonist (Extensor Digitorum, ED) muscles during steadiness task at 5, 10, 20, 50, and 75% of maximal voluntary contraction from a highly skilled (*left*) and a sedentary (*right*) participantFig. 2Coefficients of variation in highly skilled and sedentary individuals at five angular positions of the wrist joint. Highly skilled individuals showed lower fluctuations in target moment versus sedentary individuals across all intensities and angle levels (significant main effect of group, *P* \< 0.001; and none-significant interactions of group or/and intensity or/and angle)

EMG recordings {#Sec11}
--------------

The average ± SD values for normalized iEMG across groups, angular positions, and intensities for both agonist and antagonist muscles during wrist flexion are presented in Table [2](#Tab2){ref-type="table"}.Table 2Mean values ± SD for normalized EMG (%) for agonist and antagonist muscles of wrist joint at five different angular positions and five target momentsSedentary (*n* = 10)Highly skilled (*n* = 10)AgonistAntagonistAgonistAntagonist230°5%2.51 ± 2.813.04 ± 2.803.86 ± 2.833.73 ± 2.0510%6.27 ± 4.654.59 ± 3.8010.39 ± 7.484.15 ± 3.8620%18.43 ± 9.555.06 ± 4.1118.18 ± 14.603.96 ± 2.3750%53.49 ± 19.4313.78 ± 5.3350.53 ± 26.948.92 ± 5.8275%79.30 ± 41.5419.15 ± 8.1682.67 ± 42.5117.16 ± 9.63210°5%2.95 ± 2.323.75 ± 3.953.31 ± 2.362.20 ± 1.6110%7.03 ± 4.322.36 ± 1.178.15 ± 4.031.84 ± 1.2320%18.74 ± 11.294.62 ± 2.6617.53 ± 9.133.89 ± 3.0950%60.37 ± 33.0710.84 ± 4.1548.02 ± 18.709.35 ± 4.6275%81.48 ± 45.2617.30 ± 9.2273.92 ± 33.5215.34 ± 8.16180°5%3.71 ± 2.622.88 ± 2.603.54 ± 1.582.03 ± 1.4810%7.19 ± 3.262.34 ± 1.87.38 ± 2.991.86 ± 1.0120%23.56 ± 18.894.88 ± 3.0613.46 ± 4.393.92 ± 2.2850%60.99 ± 46.159.01 ± 4.7043.56 ± 14.649.31 ± 4.8175%84.31 ± 48.1715.67 ± 7.8674.83 ± 32.2319.97 ± 15.50150°5%4.00 ± 1.723.25 ± 3.546.48 ± 4.842.23 ± 1.2410%7.64 ± 2.693.29 ± 3.109.31 ± 4.452.54 ± 1.4620%19.67 ± 13.915.43 ± 4.7916.32 ± 6.533.70 ± 1.9350%50.49 ± 18.0710.09 ± 3.8049.54 ± 19.8212.18 ± 5.3975%67.84 ± 28.3718.97 ± 5.1478.15 ± 30.2020.87 ± 11.29130°5%5.71 ± 2.393.31 ± 1.866.98 ± 3.982.63 ± 1.4410%10.01 ± 5.747.21 ± 6.6911.28 ± 6.133.33 ± 1.9920%22.29 ± 12.075.10 ± 2.0118.67 ± 7.696.40 ± 4.6350%56.00 ± 22.0110.47 ± 5.0454.02 ± 19.5713.31 ± 6.3075%77.41 ± 24.0722.18 ± 9.8176.26 ± 33.1026.23 ± 14.29The pattern of increase in normalized EMG in *agonist* and *antagonist* muscles was similar between highly skilled and sedentary individuals across all angular positions and target moments (none-significant interactions of group or/and intensity or/and angle)

There was a significant main effect of intensity on normalized iEMG of the *agonist* muscles during wrist flexion (*F*~4,72~ = 96.628; *P* \< 0.001). As expected, the normalized iEMG gradually increased with increase in intensity from 5 to 75% of target force. However, this effect was similar between highly skilled and untrained individuals and was not affected by the angular position of the wrist during the constant-force tasks.

For the co-activation of the antagonist muscle during wrist flexion, the ANOVA showed a significant angle × intensity interaction (*F*~20,360~ = 1.882; *P* \< 0.05) indicating that the effect of task intensity on normalized iEMG was dependent on the angular position of the wrist joint. Similar to the agonist muscles, the pattern of increase in normalized iEMG of the antagonist muscles as force level increased was not significantly different between highly skilled and untrained individuals across five angular positions and six intensities (*P* \> 0.05).

Discussion {#Sec12}
==========

The main finding of this study was that highly skilled individuals present a greater ability to perform steady submaximal isometric wrist flexions at matched levels of MVC than less skilled participants. This greater steadiness was not accompanied by group differences in the agonist and antagonist EMG and it was not length specific.

Experts are much steadier than similarly strong sedentary {#Sec13}
---------------------------------------------------------

Several hypotheses could be formulated to justify why experts are more accurate than sedentary young adults with the same level of force such as group differences in activation strategy of the agonist muscle, simultaneous activation by other synergistic muscles, antagonist coactivation, integration of visual feedback, and muscle fiber typology and mechanics. First, force fluctuations are dependent on the interaction between firing patterns of motor units of the agonist muscles (variability, firing rate, common modulation, and synchronization) (Jones et al. [@CR15]; Kornatz et al. [@CR18]; Laidlaw et al. [@CR19]; Moritz et al. [@CR22]; Semmler and Nordstrom [@CR25]; Taylor et al. [@CR30]; Tracy et al. [@CR31]; Vaillancourt and Newell [@CR33]). A greater motor--output variability could be the result of an altered agonist activity. It has been reported that long-term learning of a motor task was associated with differences in higher centers and preprogrammed descending commands and adaptations in the contralateral somatosensory and motor cortex and the putamen (Floyer-Lea and Matthews [@CR10]). Distinct functional changes in both primary somatosensory and motor cortex increase representation of the learned specific movement sequence and indicate the importance of afferent feedback to this form of predominantly implicit motor learning (Floyer-Lea and Matthews [@CR10]). Motor-unit synchronization, as a result of strength training, could decrease the steadiness of the force exerted by the muscle in simulated contractions (Yao et al. [@CR34]). Force tremor is reported to be higher in the strength-trained subject, median in the untrained subject and lower in the skill-trained subject (Semmler and Nordstrom [@CR25]). However, it has recently been reported that strength training does not affect the accuracy of force gradation in an isometric task in young men, supporting that there is no evidence to expect a loss in accuracy as a result of strength training (Smits-Engelsman et al. [@CR29]). In the same line, Hamilton et al. ([@CR13]), comparing force fluctuation in four upper limb muscles with widely varying maximal forces and numbers of motor units (elbow extensors, wrist flexors, first dorsal interosseus, and thumb extensors), reported that stronger muscles with greater numbers of motor units had the lowest fluctuations.

Second, one may consider that the torque measured about the wrist is the sum of all the forces acting on that joint. When more than one muscle is active, there are many finite combinations of synergist and antagonist forces that can produce a given torque about the joint. Therefore, fluctuations in joint torque reflect not only the summation of force fluctuations in individual muscles, but also the shape and the temporal association in the waveform of force fluctuations between muscles. According to Shinohara et al. ([@CR27]), an asynchronous compensatory fluctuation between individual muscles forces could happen due to subtle differences in the neural activation strategy, force production profiles, and/or force transmission characteristics across muscles. Third, a lower coactivation of the antagonists in highly skilled compared to sedentary individuals is clearly demonstrated during maximal efforts (Amiridis et al. [@CR1]). However, in our study, the greater steadiness exhibited by experts was not accompanied by alterations at the level of the antagonist coactivation (Table [2](#Tab2){ref-type="table"}), confirming also previous reports (Burnett et al. [@CR2]). Four, a greater integration of visual feedback by the elite individuals could maximize information transmission and minimize force fluctuations during constant isometric tasks (Christou [@CR5]). Finally, differences in morphological (theoretically, type II fibers having higher fusing frequencies than type I fibers, will produce more tremor at a given recruitment level) (Yao et al. [@CR34]) and mechanical properties (series compliance and frictional interactions among muscle fibers) (Troiani et al. [@CR32]) could also be involved to a nonlinear summation and mechanical differences between highly skilled and sedentary individuals.

The absence of differences in wrist flexors MVC scores between athletes and sedentary individuals could be partially justified by the sport skill level, velocity specificity, and the type of action. It could be assumed that the well-documented neural mechanism of motor unit synchronization following strength training (Milner-Brown et al. [@CR21]) has not occurred in our experts. This is also supported by an unchanged coactivation level during maximal efforts, which almost always accompanies strength training adaptations (Jubeau et al. [@CR16]).

Steadiness increases as the % MVC force increases {#Sec14}
-------------------------------------------------

In the present study, the quantification of variability was based on the use of relative % MVC target levels and not absolute levels of force, as suggested previously for a generalized description of force variability during isometric actions (Christou et al. [@CR8]). Our results showed clearly that as the force percentage increased, the CV of force decreased, regardless of the expertness level (Fig. [2](#Fig2){ref-type="fig"}). This seems to be in line with previous studies (Christou and Carlton [@CR7], Laidlaw et al. [@CR19]), but not with others which reported that, during isometric handgrip, force tremor amplitude increased from 20 to 60% MVC and decreased at 80% MVC (Loscher and Gallash [@CR20]). However, the pattern of the variability alteration could be described better as a sigmoidal (Christou et al. [@CR8]; Loscher and Gallash [@CR20]) than an exponential (Slifkin and Newell [@CR28]) relationship. Differences in temporal parameters, age of participants, sex, type of action, muscular group, and visual feedback could only partly explain such a discrepancy. We propose that at very low levels of force both experts and active young adults present an increased variability because of synchronization of motor units. When greater levels of force are exerted, the variability decreases. Although in our study we did not examine motor unit firing patterns, it is tempting to consider that a more stochastically independent discharge of motor units in experts contributed to the lower force fluctuations in these participants compared with sedentary ones (Semmler and Nordstrom [@CR25]; Christakos [@CR4]).

Steadiness remains unaffected from the muscular length {#Sec15}
------------------------------------------------------

No wrist angle effect on force variability measurements was observed in both experimental groups, suggesting that the length of the flexor muscles does not influence the steady application of force. The absence of any length specificity could support that expert and sedentary participants used their wrist flexors across the whole range of motion in a similar manner. The maximum force was attained when the wrist was maximally extended (Table [1](#Tab1){ref-type="table"}). This confirms a previous study which combined morphological data from a cadaver with a mathematical model (Friden and Lieber [@CR11]).

In conclusion, we observed that a group of individuals who have a longer expertise in utilizing the wrist muscles present significant differences on force variability compared with individuals with no previous experience. However, this observation was not accompanied by group differences in either agonist or antagonist muscle activity patterns. Because extended practice increases the importance of task-specific sources of variation and defines someone as an expert in one task but novice to another, further examination of other factors, such as motor unit behavior is required to examine whether force variability is related to skill level.
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